Abstract. Sm-Fe thin films are prepared on Cu(111) underlayers hetero-epitaxially grown on MgO(111) single-crystal substrates by using an ultra-high vacuum molecular beam epitaxy system. The Sm/Fe composition is varied from Fe-rich (10 at. % Sm -Fe) to Sm-rich (30 at. % Sm -Fe) region including SmFe 5 stoichiometry. The influence of film composition on the film structure is studied by in-situ reflection highenergy electron diffraction and X-ray diffraction. Metastable Sm(Fe,Cu) 5 ordered phase formation is recognized in the Sm-Fe films with the investigated compositions. Cu atoms diffuse from the underlayer into the Sm-Fe film and substitute the Fe site in SmFe 5 structure forming an alloy compound of Sm(Fe,Cu) 5 . The Sm-Fe films with Fe-rich compositions consist of Sm(Fe,Cu) 5 and bcc-Fe phases, whereas the Sm-Fe films with Sm-rich compositions consist of Sm(Fe,Cu) 5 and amorphous phases. Cu atom diffusion into Sm-Fe film is assisting the formation of ordered phase.
Introduction
Perpendicularly magnetized thin films with high uniaxial magnetocrystalline anisotropy energies (K u ) have attracted much attention to applications like magnetic recording media, magnetic random access memory devices, etc. SmCo 5 ordered alloy is a high K u material (1.1 × 10 8 erg/cm 3 ) with CuCu 5 -type crystal structure. SmCo 5 polycrystalline [1] [2] [3] [4] [5] [6] and epitaxial [7] [8] [9] films with (0001) texture have been prepared by employing Cu [1-4, 8, 9] , Cu/Ti [3, 4] , Ru/Cu/Ru [5] , Ru [7] , and RuCr [6] underlayers. Most of these films include Cu layers [1-5, 8, 9] . It is known that Cu atoms diffuse into Sm-Co film from underlayer and substitute the Co site in SmCo 5 structure forming an alloy compound of Sm(Co,Cu) 5 . Cu dissolution is also known to stabilize 1:5 phase formation and to destabilize 2:17 phase formation [10] [11] [12] .
The Co site in SmCo 5 structure can be replaced with other transition metal elements like Ni and CoNi [13] . SmFe 5 ordered phase, which is metastable and does not appear in the bulk phase diagram, has been prepared in the forms of film and powder samples [14] [15] [16] . The material showed a high magnetic anisotropy field of 40 kOe [16] . In order to investigate the film growth behavior during ordered phase formation, it is useful to prepare epitaxial films on single-crystal substrates by using a molecular beam epitaxy (MBE) system equipped with an in-situ reflection high-energy electron diffraction (RHEED) facility. However, there are very few reports on the formation of Sm-Fe epitaxial films. In our previous study [17] , Sm-Fe films were MBE-grown on Cu(111) underlayers hetero-epitaxially grown on singlecrystal substrates by varying the substrate temperature in a range between 300 and 500 °C. SmFe 5 ordered phase was formed above 350 °C. In the present study, Sm-Fe films were prepared on Cu(111) underlayers by varying the Sm/Fe composition from Fe-rich to Sm-rich region including SmFe 5 stoichiometry. The effects of film composition on the film growth and the film structure are investigated.
Experimental procedure
Thin films were prepared on MgO(111) single-crystal substrates at 500 °C by using an MBE system under base pressures lower than 7 × 10 -9 Pa. Pure Cu (99.9999%), Sm (99.9%), and Fe (99.99%) were evaporated by using Knudsen cells. The film layer structure was Sm-Fe . The Cu underlayers consisted of two fcc(111) variants whose atomic stacking sequences of close-packed plane along the perpendicular direction were ABCABC… and ACBACB… [18] . Sm and Fe were co-evaporated on the Cu underlayer and the thickness of Sm-Fe film was fixed at 20 nm. The composition of Sm-Fe film was varied from Fe-rich to Sm-rich region (10-30 at. % Sm) including almost SmFe 5 stoichiometry (17 at. % Sm).
Sm17Fe83
Sm-Fe layer thickness (nm) 8 The surface structure during Sm-Fe deposition was studied by in-situ RHEED. The film structure was investigated by !-2! scan X-ray diffraction (XRD) with Cu-K! radiation (" = 0.15418 nm). The magnetization curves were measured by using a vibrating sample magnetometer. figure 1(b-2) ], which is thinner than the thickness where the 1:5 ordered phase starts to be formed in the Sm 10 Fe 90 film. This is due to that the ratio of Sm to transition metals (Fe and Cu) for Sm 17 Fe 83 film is closer to 1:5 at this film growth stage than that for Sm 10 Fe 90 film. As the thickness increases up to 20 nm [ figure 1(b-4) ], almost only the reflection from Sm(Fe,Cu) 5 ordered phase is recognized. Figure 1(c) shows the RHEED patterns observed for an Sm 30 Fe 70 film. The reflection from 1:5 ordered phase is observed from the early stage of film growth in addition to the Cu(111) fcc reflection. The reflection from bcc-Fe crystal is not observed, possibly due to that the Fe 30 Sm 70 composition is an Sm-rich composition with respect to SmFe 5 stoichiometry. With increasing the film thickness, the clearness of RHEED pattern gradually decreases. The RHEED pattern variation suggests that an amorphous phase is appearing with increasing the film thickness. The reason is considered to be due to a lack of Cu atoms supplied from the underlayer which assist the formation of Sm(Fe,Cu) 5 ordered phase. From these experimental results, the compositional region where 1:5 ordered phase is formed is narrower in the Sm(Fe,Cu) 5 system, when compared with the cases of Sm(Co,Cu) 5 [8] and Sm(Ni,Cu) 5 [22] systems. The long-range order degree (S) is calculated from the XRD data. The integrated intensity (I) is proportional to structure factor (F), Lorentz-polarization factor (L), absorption factor (A), and temperature factor (D) [23] . . Figure 4 shows the Sm composition dependence on S value. The S value is kept constant at around 0.55-0.75 regardless of Sm content. Figure 5 shows the magnetization curves of Sm 17 Fe 83 film formed on Cu(111) underlayer. The film shows an in-plane magnetic anisotropy. The magnetization property is apparently influenced by Cu atom diffusion from the underlayer. In the case of Sm(Co,Cu) 5 system, it is reported that the magnetic anisotropy decreases with increasing the Cu content. The Sm 17 Fe 83 film prepared in the present study is composed of mixed phases consisting of Sm(Fe,Cu) 5 ordered phase with (0001) orientation and a small volume of bcc-Fe(110) phase.
Results and discussion

Summary
Sm-Fe thin films are prepared on Cu(111) underlayers at 500 °C with varying the Sm composition from 10 to 30 at. %. The effect of Sm/Fe composition on the crystallographic properties is investigated. Formation of metastable Sm(Fe,Cu) 5 ordered phase is recognized in the investigated compositional range. Cu atoms diffuse from the underlayer into the Sm-Fe film and substitute the Fe site in SmFe 5 structure. The Sm-Fe films with Fe-rich compositions consist of Sm(Fe,Cu) 5 and bcc-Fe phases. On the other hand, the Sm-Fe films with Sm-rich compositions consist of Sm(Fe,Cu) 5 and amorphous phases. The Cu atom diffusion into Sm-Fe film plays an important role in assisting the formation of Sm(Fe,Cu) 5 ordered phase.
